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To obtain comprehensive performance, heavy elements were added into superalloys 
for solid solution hardening. In this article, it is found by scanning transmission 
electron microscope observation that rather than distribute randomly heavy-atom 
columns prefer to align along <100> and <110> direction and form a short-range 
ordering with the heavy-element stripes 1-2 nm in length. Due to the strong bonding 
strength between the refractory elements and Ni atoms, this short-range ordering will 
be beneficial to the mechanical performances. 
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Single crystal nickel-based superalloys have been used as the material for gas 
turbine blades in the aerospace industry and land-based applications, in which ordered 
γ precipitates with structure L12 are embedded in a γ matrix with a face-centered 
cubic (FCC) structure [1]. To improve the mechanical performance, refractory 
elements such as Ta, W, Mo and Re are added for solid solution hardening. To 
understand the strengthen mechanism of these refractory elements, their distribution 
should be determined at first.   
In general, Mo and Re were mainly partitioned into the γ phase and Ta mainly 
into the γ phase, while W showed no preferentially partitioning [2, 3]. For the crept 
superalloys, heavy atoms such as Re[2, 4, 5] and W[5] are found to be enriched in the 
γ phases close to the γ/γ interfaces, and for Re there is enrichment at the tip of the 
interfacial protrusions [6, 7] and for Re and Mo at the core of dislocations close to the 
interface [5]. As to Re cluster, no consensus has been reached up to now [8], some 
arguing for its presence [3, 5, 9-12] and some arguing against its presence [2, 11, 13, 
14]. Nevertheless, heavy atom clusters were observed directly by means of electron 
microscope, high angle annular dark field (HAADF) imaging [5], although their 
composition has not been determined yet. Recently, a new type of Re ordering was 
reported in the form of D1a-Ni4Re [15], and even in high temperature a short-range 
ordering of Re atoms was thought to be left.   
In this article, the scanning transmission electron microscopy (STEM), HAADF 
imaging and energy dispersive X-ray spectroscopy (EDS) techniques have been 
combined to study the second-generation single crystal superalloy DD6. Heavy-atom 
columns were found to align along <100> and <110> direction and a short-range of 
ordering were formed with the heavy-element stripe 1-2 nm in length.  
Different from the high-resolution imaging in transmission electron microscopy 
(TEM), the image contrast of which changes with thickness of samples and imaging 
focus etc., contrast of HAADF imaging mainly arises from contribution of the thermal 
diffusion scattering for the large collection angle and follows almost Z2 dependency 
with respect to the atomic number [16-18], then heavy alloying elements can easily be 
distinguished, displaying with higher contrast while light elements with low contrast 
[19].    
The composition of DD6 is given in Table 1. Heat treatments were performed 
according to following regime: 1290 C/1 h + 1300C /2 h + 1315 C / 4 h/AC + 1120 
C /4 h/AC + 870 C /32 h/AC. Details of DD6 preparation have been described 
previously [20]. As shown in Table 1, DD6 contains 2 wt.% Re, which is about 
two-thirds that of other second-generation single crystal superalloys, such as 
PWA1484 CMSX-4 and Rene´ N5. Discs with diameters of 3 mm suitable for STEM 
observations were punched out of samples and thin foils were prepared by 
electrochemical polishing and cryo ion milling. STEM observations were carried out 
in a FEI Titan 80-300 and a FEI F20 electron microscope equipped with an EDS 
spectrometer. 
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bright dots in Figure 2 should correspond to more heavy atoms, and they are actually 
heavy-atom columns. Thus, the above-mentioned ordering should be a 
heavy-atom-column ordering, the schematic of which is shown as a group of red 
cylinders in Figure 4. As we know, for FCC structure, dislocations indicated by ˫ in 
Figure 4 move in the {111} plane (blue plane), then the short range of 
heavy-atom-column ordering as shown in Figure 4 are thought to be more beneficial 
to hinder the motion of dislocations comparing with just heavy-atom ordering or mere 
a heavy-atom column.  
In conclusion, the second-generation single crystal superalloy DD6 was studied 
by means of STEM and HAADF imaging. Heavy-atom columns were found to align 
in the <100> and <110> direction and form a heavy-atom stripe with about 1-2 nm in 
length. Due to the high diffusion activation energy of heavy atoms and stronger 
bonding strength of the refractory element with Ni this short-range ordering will help 
to improve the mechanical performances. The author believes that this work shall 
stimulate further researches, for example to determine and even tune the composition 
of heavy atom stripe or form a long range of ordering. 
 
Acknowledgement  
This work was supported by the National Natural Science Foundation of China (Grant 
number: 11374332, 11474329, 51372138, 51271097). This work made use of the 
resources of the Beijing National Center for Electron Microscopy at Tsinghua 
University. 
Reference 
[1] R.C. Reed, The Superalloys Fundamentals and Applications, Cambridge University Press, Cambridge, 
2006. 
[2] P.J. Warren, A. Cerezo, G.D.W. Smith, Mater. Sci. Eng. A, 250 (1998) 88‐92. 
[3] N. Wanderka, U. Glatzel, Mater. Sci. Eng., A, 203 (1995) 69‐74. 
[4] K.E. Yoon, D. Isheim, R.D. Noebe, Interface Sci., 9 (2001) 249‐255. 
[5] B.H. Ge, Y.S. Luo, J.R. Li, J. Zhu, Scripta Mater., 63 (2010) 969‐972. 
[6] M. Huang, Z. Cheng, J. Xiong, J. Li, J. Hu, Z. Liu, J. Zhu, Acta Mater., 76 (2014) 294‐305. 
[7] B. Ge, Y. Luo, J. Li, J. Zhu, Metall. Mater. Trans. A, 42 (2011) 548‐552. 
[8] J.Y. Guédou, A. Mottura, R.C. Reed, J. Choné, MATEC Web of Conferences, 14 (2014) 01001. 
[9]  M.K.  Miller,  R.C.  Reed,  in:  J.M.  Howe,  D.E.  Laughlin,  J.K.  Lee,  U.  Dahmen,  W.A.  Soffa  (Eds.) 
Proceedings  of  an  International  Conference  on  Solid  Solid  Phase  Transformations  in  Inorganic 
Materials TMS (Minerals, Metals & Materials Society), Phoenix, AZ,, 2005, pp. 537. 
[10] D. Blavette, P. Caron, T. Khan, in:    Superalloys TMS, Pennsylvania, 1988, pp. 305. 
[11] J. Rusing, N. Wanderka, U. Czubayko, V. Naundorf, D. Mukherji, J. Rosler, Scripta Mater., 46 (2002) 
235‐240. 
[12] T. Zhu, C.Y. Wang, Y. Gan, Acta Mater., 58 (2010) 2045‐2055. 
[13] A. Mottura, R.T. Wu, M.W. Finnis, R.C. Reed, Acta Mater., 56 (2008) 2669‐2675. 
[14] A. Mottura, M.W. Finnis, R.C. Reed, Acta Mater., 60 (2012) 2866‐2872. 
[15] S.B. Maisel, N. Schindzielorz, A. Mottura, R.C. Reed, S. Müller, Phys. Rev. B, 90 (2014) 094110. 
[16] S.J. Pennycook, L.A. Boatner, Nature, 336 (1988) 565‐567. 
[17] S.J. Pennycook, D.E. Jesson, Phys. Rev. Lett., 64 (1990) 938‐941. 
[18] S.J. Pennycook, D.E. Jesson, Ultramicroscopy, 37 (1991) 14‐38. 
[19] B. Ge, Y. Luo, J. Li, J. Zhu, D. Tang, Z. Gui, PMagL, 92 (2012) 541‐546. 
[20]  J.R.  Li, Z.G. Zhong, D.Z. Tang, S.Z.  Liu, P. Wei, P.Y. Wei, Z.T. Wu, D. Huang,  in: T.M. Pollock, R.D. 
Kissinger, R.R. Bowman, K.A. Green, M. McLean, S.L. Olson, J.J. Schirra (Eds.) Superalloys TMS, 2000, 
pp. 777‐783. 
[21] D. Blavette, E. Cadel, B. Deconihout, Mater. Charact., 44 (2000) 133‐157. 
[22] G. Kresse, J. Furthmüller, Computational Materials Science, 6 (1996) 15‐50. 
[23] G. Kresse, J. Furthmüller, Phys. Rev. B, 54 (1996) 11169‐11186. 
[24] P.E. Blöchl, Phys. Rev. B, 50 (1994) 17953‐17979. 
[25] J.P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett., 77 (1996) 3865‐3868. 
[26] S.‐L. Liu, C.‐Y. Wang, T. Yu, RSC Advances, 5 (2015) 52473‐52480. 
[27] K. Chen, L.R. Zhao, J.S. Tse, Materials Science and Engineering: A, 365 (2004) 80‐84. 
[28] J.X. Zhang, T. Murakumo, H. Harada, Y. Koizumi, Scripta Mater., 48 (2003) 287‐293. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
